Abstract
The effect of Eurasian spring snow amount on the summer monsoon rainfall over East Asian has been studied both observationally and numerically. The results indicate that the Eurasian spring snow amount could be important for seasonal prediction of East Asian summer monsoon (EASM) rainfall. Therefore, to accurately initialize snow could be critical to the improved seasonal prediction of EASM rainfall by numerical models. The attempt has been made in this study to initialize snow in a regional climate model using the snow water equivalent (SWE) data derived from microwave imager. The results from an ensemble seasonal prediction experiment for 2005 EASM show that the satellite-derived SWE data can be effectively used to initialize a dynamical seasonal prediction model and lead to improved seasonal prediction of EASM rainfall.
The possible effect of snow anomalies over the Tibetan Plateau on EASM rainfall was also studied through a comparative ensemble simulation in which snow was initialized by the spin-up of the same model from the previous winter. It is found that anomalous snow amount over the Tibetan Plateau could lead to cooling to the surface and lower troposphere not only over the Tibetan Plateau but also in the surrounding areas due to the reduced net surface shortwave radiation associated with the high snow albedo. This would result in positive anomalies in geopotential height and weaken the cyclonic monsoon circulation in lower troposphere in East Asia, causing an increase in rainfall in South China but a reduction in the Yangtze River Valley in early summer (May-June). The difference in rainfall in midsummer (July-August) was not significant compared with that in early summer. The surface heat budget indicates that the reduced net surface shortwave radiation is largely balanced by the reduced surface sensible heat flux.
Introduction
Snow amount (both cover and depth) over the Eurasia continent plays a crucial role in both the surface and atmospheric energy and water budgets and hydrological cycle, thus affecting not only the regional but also the global climate (Dey and Bhanukumar 1983; Namias 1985; Barnett et al. 1988 Barnett et al. , 1989 Groisman et al. 1994) . Earlier studies revealed a close relationship between the Eurasian winter-spring snow cover and the Indian summer monsoon rainfall (e. g. Hahn and Shukla 1976, Dickson 1984; Bamzai and Shukla 1999) .
Recent surface and satellite observations further indicate that the Eurasian snow anomalies in winter and spring, especially those over the Tibetan Plateau (TP), may have a considerable effect on the variability of South-Asian and East-Asian summer monsoon rainfall (e.g., Hsu and Liu 2003; Wu and Qian 2003; Zhang et al. 2004; Wu and Kirtman 2007) . Wu and Qian (2003) classified the spatial distribution of the TP snow anomalies into three typical patterns based on empirical orthogonal function (EOF) analysis of station snow depth data. They found that the Asian summer monsoon is generally weak when the winter-spring snow is heavy over the east and southwest Tibet, and opposite when the snow is light over the entire Tibet. Zhao et al. (2007) indicated the excessive snow in spring weakens the East Asian summer monsoon (EASM), reduces the rainfall in the Yangtze and Huai Rivers, and enhances rainfall in southeast China.
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Two major physical mechanisms have been identified through which snow cover can exert significant impacts on regional climate. On one hand, snow reflects part of solar radiation because of high albedo, and consumes part of solar radiation due to its melting and sublimation. It can cool the surface and the lower part of the troposphere, affecting atmospheric stability and convection. On the other hand, snow melting can be a considerable source to soil moisture, affecting the hydrological cycle at the land surface and the atmosphere. Yasunari et al. (1991) found that the excessive snow mass over Eurasia weakens the Asian summer monsoon rainfall in a general circulation model (GCM). They further indicated that the effect of increased albedo is dominant in spring and the effect of increased snowmelt latent heat and soil moisture is dominant in early summer. Ose (1996) indicated that the increased snow mass over the TP causes more significant weakening of the EASM from spring to early summer than that over Eastern Europe and Siberia. Therefore, the accurate initial condition of the spring Eurasian snow data would be important for seasonal prediction of EASM and its rainfall by numerical models. However, because of the high elevation, there are few conventional surface observations over the TP, especially in winter season. Fortunately, remote sensing from satellite now can provide some useful snow information that can be used as an alternative to improve the initial model snow conditions. There are two kinds of satellite-derived snow data. One is the snow cover data derived from the visible and infrared imagers. Relatively high albedo area in a visible image and low temperature area in an infrared image are detected as snow covered area. The retrieval algorithm of visible and infrared imagers has been matured and thus the data generally have high quality and are reliable. However, such a dataset cannot provide the information of snow depth/mass. The other snow data is the snow water equivalent (SWE) data derived form microwave imagers. The SWE is equivalent to snow depth, but it represents the water amount when all snow mass over unit area is assumed to melt. The 18GHz Microwave emitted by land surface is not affected by snow mass, but the 35GHz microwave is scattered by snow particles, therefore the SWE is retrieved from the difference between the two microwave channels (e.g., Chang et al. 1996, Chang and Kelly 2002) .
Although the SWE dataset can provide the information of snow amount, it has about 20% uncertainty resulted from the effects of vegetation cover, wet snow, and snow pack grain size.
We compared monthly-mean snow covered area over 2° × 2° latitude-longitude grids, calculated using 0.25° × 0.25° SWE data derived from AQUA AMSR-E sensor (Chang and Kelly 2002) , with that calculated using the weekly snow cover data provided by the National Oceanic and Atmospheric Administration (NOAA)'s National Weather Service (NWS) Climate Prediction Center (CPC). The snow covered area in the satellite-derived SWE data was defined as the area in which SWE exceed 20mm. Although the satellite-derived SWE overestimated the snow covered area a little bit (the false alarm ratio was about 7%), both datasets agreed well over about 91% of 2° × 2° grids over the Eurasian continent (the terrestrial area from 25°N to 80°N, from 0°E to 180°E) in the warm season (from March to August). Therefore, it can be considered that the satellite-derived SWE is reliable in terms of Despite its uncertainty, the satellite-derived SWE could be used to improve the initial snow amount for dynamical seasonal prediction models since it is the only remote sensing dataset that includes the information of the spatial distribution of snow amount. The objectives of this study are to introduce the satellite-derived SWE to initialize a regional climate model, to investigate its effect on the rainfall in the simulation of EASM, and to demonstrate the importance of accurate initial snow amount to the seasonal prediction of the EASM rainfall. The rest of the paper is organized as follows. Section 2 briefly describes the regional climate model used in this study, the experimental design, and the EASM of 2005.
Section 3 presents the seasonal simulation results, including the control model performance, the effect of more accurate initial snow data on the simulation of EASM rainfall and the physical mechanisms evolved, such as the differences in land surface properties and large-scale atmospheric circulation. Concluding remarks are given in the last section. vertical levels with variable resolution -the highest resolution being in the planetary boundary layer. The bulk cloud microphysics scheme developed by Wang (1999 Wang ( , 2001 represents the grid-scale moist processes. Subgrid convective processes, such as shallow convection, midlevel convection, and penetrative deep convection, are parameterized using the mass flux cumulus scheme originally developed by Tiedtke (1989) and later modified by Nordeng (1995) . This modified version uses a CAPE closure and considers the organized entrainment and detrainment based on a simple cloud plume model. The subgrid-scale vertical mixing is accomplished by the so-called Monin-Obukhov similarity theory (Wang 2002) . The radiation package was originally developed by Edwards and Slingo (1996) and further improved by Sun and Rikus (1999) .
Cloud amount is diagnosed using the semi-empirical cloudiness parameterization scheme developed by Xu and Randall (1996) . For the land surface processes, the Biosphere-Atmosphere Transfer Scheme version 1e
(BATS-1e) developed by Dickinson et al. (1993) is used. BATS-1e incorporates one canopy and three soil layers, and it requires land cover/vegetation (18 types) and soil texture (12 types) maps for spatial applications. In our application, these datasets were obtained from the U. S. Geological Survey (USGS; the second version of the USGS 1-km resolution land cover classification dataset), and the U.S. Department of Agriculture (global 10-km soil data). BATS-1e also considers one-layer snow sub-model with a time-dependent snow depth, snow density, and snow albedo. Snow cover fraction is calculated based on snow depth and vegetation type. Snow density and snow albedo are determined by snow age. Snow age is calculated by the accumulated day covered by snow at every time step. The thermal conductivity and volumetric specific heat of snow and the composite soil/ snow layer are calculated using snow depth, snow cover fraction, and snow age. The snowmelt latent heat and water are considered in land surface heat and water budget.
b. Experimental design
The model domain covers the area of 2.5°N-50.0°N, 65.0°E-145.0°E ( Atmospheric Research (NCAR) reanalysis data available at every 6 hour intervals with a resolution of 2.5° × 2.5° in the horizontal and 17 pressure levels up to 10 hPa were used to provide both the initial and lateral boundary conditions to the IRAM. Weekly sea surface temperatures (SSTs) over the ocean were obtained from NOAA, which have a horizontal resolution of 1° × 1° (Reynolds and Smith 1994) and were interpolated into the model grids by the cubic spline interpolation in space and linearly interpolated in time. Over the land, the initial surface soil and canopy temperatures were obtained from the lowest model level based on the NCEP/NCAR reanalysis and the soil moisture fields were initialized such that the initial soil moisture depends on the vegetation and soil type defined for each grid cell following Giorgi and Bates (1989) . 
c. The 2005 East Asian summer Monsoon

a. Precipitation
The GPCP 1 degree daily precipitation dataset (Huffman et al. 1997; Adler et al. 2001) is used to evaluate the model simulated spatial distribution of mean rainfall. Overall, the differences in the rainfall distribution between SAT and SPN simulations in early summer resemble those between excessive snow and less snow years over the TP reported by Zhao et al. (2007) . Table 1 shows the area averaged rainfall in South China (22°-26°N, 105°-122°E),
Yangtze River Valley (26°-32°N, 105°-122°E), and North China (32°-40°N, 105°-122°E)
from GPCP daily-mean data and from the two model simulations. The use of the satellite-derived SWE improves the simulation significantly in South China and Yangtze
River Valley in May-June (with the differences being significance over 95 % confidence level in the t-test). In particular, the heavy rainfall in South China in May-June was simulated considerably better in SAT than in SPN, implying the positive contribution by the anomalous spring snow over the TP to the early summer precipitation in South China. Note that these differences were also significant even over 99 % confidence level. On the other hand, the use of the satellite-derived SWE caused slightly larger error in North China, but this difference was not significant over 97.5 % confidence level. Therefore, the difference in rainfall in July Figure 8 shows the monthly mean fraction of snow covered area over TP, namely, the area with elevations over 2500m shaded in Fig. 1 , and surface soil moisture averaged over the TP, respectively. The snow covered area was larger in SAT than in SPN in the whole simulation period and the maximum difference was around 35%. Note that the fraction of snow covered area over TP in SAT agreed well with that derived from AQUE AMSR-E sensor. The maximum difference in SWE also appeared in March and it was around 45mm.
b. Land surface properties
This anomaly is nearly the same as the anomalies given in numerical experiments by Yasunari et al. (1991) and Ose (1996) , but the anomaly remained longer in both simulations in this study. This may be caused by the difference in horizontal resolution and the simulated precipitation over the TP. The horizontal resolution in their study was 4.0° in latitude and 5.0°
in longitude while 0.5° in this study. Therefore, the persistent snow over higher mountains may be represented in this study. The soil moisture was also higher in SAT than in SPN mainly because of more snow melt water in the former. The maximum difference appeared in April.
In order to further understand the heat balance at the land surface, the heat budget for the land surface is analyzed. The land surface heat budget equation can be expressed as where Nsw is the net shortwave radiation, Nlw the net longwave radiation, G the ground heat flux, Le the surface latent heat flux, and Hs the surface sensible heat flux, respectively. Figure 9 shows all individual terms in the land surface heat budget equation (1).
Nsw Nlw G Le Hs
Basically, Nsw was smaller in SAT than in SPN because of the higher albedo effect in SAT.
The difference in Nsw between SAT and SPN reached a peak value of around 20 . It seemed that the albedo effect remained longer than that in Ose (1996) . This may be due to the longer duration of the anomaly of snow covered area in this study. Nlw was smaller in SAT than in SPN as a result of the lower surface temperature due to larger heat capacity and less net shortwave radiation at the surface caused by higher snow cover in SAT. Overall, the difference is relatively constant at around 5 (Fig. 9b ).
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The difference in the ground heat flux G between the SAT and SPN simulations was quite small in March and April but became significant from May and reached a peak value of about 5 in July (Fig. 9c ). This coincides with the period during which the difference in snow covered area was small, indicating that the snow melting became moderate and small in SPN but it remained large in SAT. The surface latent heat flux Le was generally larger in SAT than in SPN because of the higher surface soil moisture related to larger snow melt water in SAT (Fig. 9d) . The difference in Le between SAT and SPN was significant from March to because the distribution of snow covered area was not changed in their studies but in this study the snow covered area itself is expanded in SAT compared to SPN (Fig. 8) . Note that the large difference in snow melted area occurred over the East Tibet between SAT and SPN in early summer, but little difference in snow cover occurred over the West Tibet between the two simulations in late summer (not shown).
Because of the lower surface temperature in SAT, the surface sensible heat flux (Hs) was smaller in SAT than in SPN in the whole simulation period (Fig. 9e) . The difference in the surface sensible heat flux between SAT and SPN reached a value of around 20 in
May and decreased in late summer. As a result, the albedo effect on the net surface shortwave radiation was largely balanced by the reduced sensible heat flux in the surface beat budget through summer. This is in contrast to Yasunari et al. (1991) and Ose (1996) , who found that the hydrological effect was dominant in early summer. This difference may be caused by the persistent anomaly of snow covered area in this study. (Fig. 7a) . The effect of large-scale atmospheric circulation on rainfall anomalies thus is very similar to that discussed by Ding and Sun (2001) , who indicated that the weak moisture transport due to the insufficient northward penetration of the southwesterly monsoon flow resulted in the prolonged drought in North China in 1999. and 700 hPa in July-August between SAT and SPN. The anomalous pattern in geopotential height is quite similar to that in May-June, namely, positive anomalies at 700 hPa and negative anomalies at 200 hPa. The negative anomaly in geopotential height with its low-level anomalous cyclonic circulation over the East Asia now extended westward and occupied the middle-lower reaches of the Yangtze River. This is responsible for the small decrease in rainfall in Northwest China but a small increase in Huai River basin in July-August (Fig. 7b) . Note that the maximum difference in geopotential height was around 5 gpm at 700 hPa and around 16 gpm at 200 hPa in July-August, both were weaker than in May-June, indicating the gradual decreasing trend of the initial snow effect on the simulation.
4．Concluding remarks
The effect of the spring Eurasian snow amount on East Asian summer monsoon rainfall has been demonstrated in previous studies. Therefore, the accurate initial snow conditions are expected to be important to seasonal prediction of East Asian summer monsoon and the associated rainfall. However, there are few reliable traditional snow observations over the Tibetan Plateau. In this study, an attempt has been made to use the satellite-derived snow water equivalent (SWE) data to initialize a regional climate model. An ensemble seasonal simulation for the 2005 flooding case in South China was performed (SAT) and compared to another ensemble simulation in which the snow was initialized by the model spin-up starting from the previous winter (SPN). Snow initialized by the model spin-up underestimated the SWE compared to the satellite-derived SWE. As a result, larger SWE caused less net surface shortwave radiation due to higher snow albedo in SAT than in SPN, leading to lower near-surface air temperature over the Tibetan Plateau and its surrounding areas. The relative cooling over the Tibetan Plateau weakened the East Asian summer monsoon and led to the monsoon rain belt to remain longer in South China and brought about more rainfall in South and Southwest China but less rainfall in the Yangtze River valley, closer to observations, especially in early summer from May to June. Therefore, the results demonstrated that the satellite-derived SWE can be used to initialize seasonal prediction models and improve the simulation of East Asian summer monsoon rainfall.
In addition, the albedo effect seemed to dominate the soil moisture effect from spring to early summer in this study. The surface heat budget was dominated by the large balance between the net surface shortwave radiation and the surface sensible heat flux. This is in contrast to the results of Ose (1996) , who found that the hydrological effect was dominant in early summer. This difference could mainly be a result of the longer duration of the anomalies in snow covered area in this study. The peak times of the ground heat flux and latent heat flux were different also in this study.
It should be pointed out that only one extreme case has been simulated using the Satellite-derived SWE data in this study. Simulations with more cases are required in order to averaged over Tibetan Plateau (the shaded areas with elevations over 2500m in Fig. 1 ).
The solid curve indicates the SAT, the dashed curve indicates SPN, and the cross mark indicates the observed value derived from AQUA AMSR-E sensor. averaged over Tibetan Plateau (the shaded areas with elevations over 2500m in Fig. 1 ).
The solid curve indicates the SAT, the dashed curve indicates SPN, and the cross mark indicates the observed value derived from AQUA AMSR-E sensor. 
